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ABSTRACT

	 This study investigated the molecular mechanisms underlying the anticancer effects of 
pristimerin, a natural triterpenoid, against colorectal cancer (CRC) through modulation of the STAT3 
signaling pathway. Using in vitro assays in HCT-116 cells and in silico modeling, the cytotoxic, 
molecular, and dynamic effects of pristimerin were evaluated. The MTT assay revealed that pristimerin 
significantly reduced the viability of CRC cells in a dose-dependent manner. Western blot analysis 
demonstrated potent inhibition of STAT3 phosphorylation. Molecular docking indicated a strong 
binding affinity of pristimerin for Janus kinase 2 (JAK2), suggesting that its inhibitory effect on 
STAT3 activation occurs through upstream JAK2 blockade. Molecular dynamics simulations further 
confirmed the stability of the pristimerin–JAK2 complex, supporting a direct inhibitory mechanism. 
Collectively, these results highlight pristimerin’s ability to suppress CRC cell growth by targeting the 
JAK2/STAT3 axis, providing a mechanistic rationale for its development as a potential therapeutic 
agent in colorectal cancer.
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INTRODUCTION

	 Colorectal cancer (CRC) is a common 
cancer with a wide global burden. It is classified as the 
second most common type of malignancy in females 
and the third most common type of cancer in males1. 
Universally, CRC also shows high mortality rates 
and is considered a principal death cause among 
cancer types2. The WHO documented approximately 
935,000 deaths from CRC worldwide in 20203. CRC 
is a multifactorial disease characterized by a range 
of abnormalities at the genetic and epigenetic levels 
that affect a variety of signaling pathways responsible 
for the development of CRC hallmarks4,5. Signal 
Transducer and Activator of Transcription 3 (STAT3) 
signaling pathway is one of the molecular pathways 
that have been involved in CRC carcinogenesis6,7. 
STAT3 functions as a key oncogenic transcription 
factor that promotes cell-cycle progression, inhibits 
apoptosis, and drives angiogenesis and metastasis. 
Additionally, STAT3 contributes to immune evasion 
by inducing immunosuppressive mediators and 
plays a major role in mediating chemoresistance in 
colorectal cancer8-12.

	 STAT3 is a downstream target at the 
Tyrosine kinase receptor (TKR) signaling pathway 
that mediates the action of fibroblast growth factor, 
epidermal growth factor, vascular endothelial 
growth factor, and several interleukins, including 
interferon-γ, IL-6, and IL-1013. STAT3 structure 
consists of 770 amino acids that form six domains 
or motifs including the N-terminal domain (NTD) 
including residues 1-138, the coiled-coil domain 
(CCD) which includes residues 139-320, the DNA-
binding domain (DBD) containing residues 321-
494, the linker domain (LD) with the residues 495-
583, the Src homology 2 (SH2) with the residues  
584-688, and lastly the transactivation domain 
(TAD) with the residues 689-77014. Activation 
of STAT3 required phosphorylation at Tyrosine 
705, which is located in the TAD, followed by 
dimerization of the phosphorylated STAT3 at SH2 
domain. Ser727 is another phosphorylation site 
located at TAD, which enhances STAT3 target 
gene transcription. STAT3 Tyr705 phosphorylation 
can take place as a result of direct activation of 
kinases associated with TKRs, including Janus 
kinase 2 (JAK2) and Tyrosine kinase 2 (TYK2), 

where the Src-Ras pathway is responsible for 
Ser727 phosphorylation through the activation of 
JNK, P38, or ERK1/215. 

	 As natural compounds are more tolerant 
of the human body, they have gained importance in 
the creation of new anticancer drugs16. Pristimerin 
is a natural triterpenoid that is recovered from 
the Celastraceae and Hippocrateaceae families. 
It has long been used as an anti-inflammatory, 
antioxidant, and insecticidal agent17,18. Pristimerin 
has been reported to exhibit anticancer activities 
against various cancer cell types19. These antitumor 
activities are referred to its effect on different 
signaling pathways in cancer cells and affecting 
various cancer hallmarks20. Furthermore, pristimerin 
was reported to have anticancer activity against 
CRC cells, it induced apoptosis, suppressed cell 
growth, angiogenesis, and metastasis in different 
CRC cell lines21-23. 

	 Given STAT3’s central role in CRC 
progression and chemoresistance, it represents 
an attractive therapeutic target for novel anticancer 
strategies²⁴. Although pristimerin has been shown 
to interfere with several oncogenic pathways, its 
direct influence on STAT3 signaling and upstream 
kinase regulation in CRC remains insufficiently 
characterized. Therefore, this study aimed to 
comprehensively investigate the anticancer effects 
of pristimerin in colorectal cancer by examining its 
impact on STAT3 activation through integrated in 
vitro experiments and in silico molecular modeling 
approaches.

MATERIALS AND METHODS

Materials
	 Pristimerin (Fig. 1A) was obtained from 
Xingda Biotechnology (Guangzhou, China). MTT 
from Sigma (St. Louis, MO, USA). Antibodies against 
STAT3, p-STAT3, and β-actin were from Santa Cruz 
Biotechnology (Santa Cruz, CA, USA). Anti-mouse 
IgG-horseradish peroxidase was purchased from 
KangChen Biotechnology (Shanghai, China). 

In vitro studies
Cell lines and cell culture
	 HCT-116 was purchased f rom the 
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American Type Culture Collection (ATCC). Cells 
were cultured in RPMI 1640 medium (HyClone 
China Ltd., China) that contained 10% fetal 
bovine serum (Gibco-BRL, Grand Island, NY, 
USA), penicillin (100 U/mL), and streptomycin 
(100 μg/mL) (Sigma, St. Louis, MO, USA) and 
incubated at 37°C in a humidified atmosphere 
containing 5% CO2.

Cell viability assay
	 MTT assay was appl ied to assess 
pristimerin's inhibitory effect on HCT-116 cells. 
Briefly, 5x103 cells/well were seeded into a 
96-well plate for one day, thenthe cells were 
treated with pristimerin for 48 hours. Following 
treatment, MTT (0.5 mg/mL) was added to each 
well for 4 hours. Then, 150μL DMSO was added 
to solubilize the insoluble formazan crystals, and 
absorbance was measured using a microplate 
reader at 540 nm. Viability % was measured 
using this equation = (Absorbance of treated-
well)/(Absorbance of non-treated well) x 100. 
Then, the inhibition rate% (IR%) was calculated  
(IR% = 100-Viability%).

Western blot analysis
	 HCT-116 cells were treated with pristimerin 
for 48 h, then the cells were collected and lysed 
using lysis buffer (Vazyme Biotech Co., LTD, 
Nanjing, China). Then, the cells were centrifuged 
for 15 min at 12,000 rpm and 4°C. The supernatant 
total protein was measured using Bicinchoninic 
acid (BCA) protein assay kit (Beyotime Institute 
of Biotechnology, Nanjing, China). The protein 
was separated using SDS-PAGE with 80V for  
30 min and at 120V for 1.5 h and ran for 45 
min to transfer the protein into a nitrocellulose 
membrane. The membrane was blocked using 
TBST buffer containing 5% free-fat milk for 2 
h with gentle shaking. Then, the membrane 
was incubated with a gentle shaking with 
the designated pr imary antibodies at 4°C 
overnight. The membrane was washed with 
TBST to remove the excess antibody and 
incubated with the secondary antibodies at room 
temperature for 2 hours. Finally, the membrane 
was washed again with TBST buffer, visualized 
using chemiluminescence detection kit, and 
scanned using a ChemiDoc XRS imaging system.

In silico studies
Software
	 For this study, Flare™, version 6.1.0, 
Cresset®, Litlington, Cambridgeshire, UK was utilized 
for molecular docking and visualization of ligand-
protein complex25-27, where GROMACS, Version 
2023.2, was used for molecular dynamics studies28.

Protein and Ligands Preparation
	 Crystallographic structure for JAK1 kinase 
domain (JH1) with co-crystallized compound 
(PDB:5E1E)29, and kinase domain (JH1) of JAK2 in 
complex with its inhibitor Fedratinib (PDB: 7VNE)30, 
was recovered from the Protein Data Bank (PDB)31. 
Flare Protein Prep tool was used to extract the 
co-crystallized ligand, missing hydrogenswere 
added, the active site was determined based on 
the co-crystallized ligand, and grid was set to 6oC. 
Finally, the receptor protein was minimized using 
Normal Open MM calculation, and charges were 
assigned using AM1-BCC model. Pristimerin and 
Baricitinib 3D structure was retrieved from the 
PubChemdatabase, striped of salts, and pH was set 
at 7 using Flare Ligand Prep wizard and minimized 
using the Accurate XED model.

Molecular Docking
	 Flare software was used to perform 
the docking. The designated compounds were 
docked into the targeted protein using the normal 
dock function of Flare; in addition to that, the  
co-crystallized ligands were re-docked to validate 
the results.

Molecular Dynamic (MD) Simulations
	 The preferred pose of pristimerin and 
Fedratinib, which was obtained from the docking, 
were further subjected to MD simulations to 
validate the stability, conformational flexibility, and 
binding efficacy of the ligand-protein complex. In 
the beginning, the missing residues in JAK2 
protein and missing hydrogen were added using 
SWISS-MODEL server32, then the protein was 
prepared using dock prep tool of UCSF chimera 
version 1.17.133. All-atom MD simulations were 
conducted using GROMACS, and the compound's 
topologies were created using SwissParam 
server34. CHARMM36 (MacKerell lab) force field 
and modified TIP3P water model were applied 
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to perform MD simulation of all complexes. All 
simulations were conducted in a triclinic box 
with the protein centered at 1nm from the edge. 
The complexes were neutralized using the 
appropriate number of ions. Following that, the 
protein was minimized to resolve clashes and 
bad connections. Then, two steps of equilibration 
were conducted, NVT equilibration of 100 ps, and 
NPT equilibration with a similar time. The system 
temperature was maintained at 300 k using 
V-rescale, a modified Berendsen thermostat, 
where the pressure was maintained by using 
Parrinello-Rahman barostat at 1 atm. Finally, MD 
simulations were carried out for 100 ns, with a 
time step of 2 fs. Further analysis of Structural 
and conformational in the systems was performed 
using various GROMACS analysis modules. Data 
were visualized using Xmgrace software.

Molecular Mechanics-based Poisson Boltzmann 
Surface Area (MMPBSA) calculations
	 To estimate the free binding energy from the 
last 10 ns of the simulation 100 equilibrated frames 
at 100 ps intervals were utilized, and the following 
equation was used to calculate the net free energy 
of the binding:

DG binding = G complex – (G protein + G Ligand)

	 The estimation of the binding free energy 
for the ligand-protein complexes was conducted 
using the MMPBSA approach with the gmx_
MMPBSA tool35,36, which utilizes an integrated 
Adaptive Poisson-Boltzmann Solver (APBS) tool 
to calculate the electrostatic energy, van der Waals 
energy, and polar solvation energy contributions37. 
Where the non-polar energy contribution was 
estimated based on the Solvent-accessible surface 
area (SASA). Finally, Energy decomposition per 
residue was conducted for all complexes to highlight 
the key interaction residues38. Adaptive Poisson-
Boltzmann Solver (APBS) tool to calculate the 
electrostatic energy, van der Waals energy, and 
polar solvation energy contributions37. Where the 
non-polar energy contribution was estimated based 
on the Solvent-accessible surface area (SASA). 
Finally, Energy decomposition per residue was 
conducted for all complexes to highlight the key 
interaction residues38.

Principal component analysis (PCA) and Gibbs 
free energy landscape (FEL) analysis
	 Generally, PCA is a multivariate statistical 
method utilized to build a covariance matrix 
containing fewer variables from a large data set 
which explains the whole data set and enables its 
visualization and analysis, where the method can 
be applied to explain the collective atomic motion 
and the conformational changes in proteins39,40. 
PCA was used to examine the Cα fluctuations and 
the associated change in the protein configuration 
following the ligand binding at the last 50 ns of the 
simulation with reference to the apoprotein. The 
covariance matrix was constructed via gmxcovar 
tool of gromacs to calculate the eigenvector and 
eigenvalue which indicated the direction of Cα 
motion and the value of the motion, respectively. The 
first three eigenvalue known as principal component  
1 (PC1), PC2 and PC3 were utilized to represent 
the collective motion as it contains 70-90% of the 
total contribution of the atomic motion41,42. To build 
the 2D projection of Cα motion, we used gmxanaeig 
tool of gromacs. Finally, Gibbs free energy landscape 
analysis was conducted using MD DaVis tool to 
establish the energy changes in relation to the 
conformational change and compare the energy 
minima upon the binding of the ligands, where RMSD 
of ligands fit to protein and radius of gyration of the 
complexes were used to create the free energy 
landscape, then the metastable conformations were 
extracted from the trajectories and visualized using 
Flare software.

Statistical analysis
	 Data were analyzed using GraphPad 
Prism 6 (GraphPad Software, Inc., San Diego, CA, 
USA). Data were expressed as mean±standard 
deviation (SD) for three independent experiments. 
All figures are derived from our original experimental 
and computational results. Statistical differences 
between treated and untreated cells were assessed 
by a two-tailed Student’s test. p-value<0.05 was 
considered statistically significant.

RESULTS

Pristimerin inhibited cellular growth in HCT-116 
cells
	 Pristimerin provoked significant dose-
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Fig 1(a) Pristimerin chemical structure. (b) Effect of pristimerin on HCT-116 cell viability. IC50% was calculated using 
dose-response curve for measurement of inhibition rate % for cells treated with pristimerin for 48 h using MTT assay. 

(c) Effect of pristimerin on SATT3 signaling pathway, cells were treated with pristimerin for 48 h, total cell lysates were 
analyzed by western blot analysis for STAT-3 and p-STAT-3 proteins, β-actin was used as the control. (d) Quantifications of 
relative protein expression of these proteins were measured. Data were represented as mean±SD from three independent 

experiments. *p<0.05, **p<0.01 pristimerin versus control

Pristimerin exhibits an inhibitory effect on STAT3 
phosphorylation in HCT-116 cells
	 We examined whether pristimerin effect on 
HCT-116 cancer cells is related to the expression 
and activation of STAT3. As shown in Fig. 1(c) and 
1(d), pristimerin demonstrated mild and insignificant 
suppressive action on STAT3 total protein expression 
in HCT-116 cells, accompanied by a significant 
reduction in the phosphorylation of STAT3 at 
Tyr705 in a concentration-dependent manner, 
which revealed pristimerin ability to inhibit STAT3 
phosphorylation and eventually its activation. 

Pristimerin is a potential selective JAK2 inhibitor
	 To determine how Pristimerin reduces 
the phosphorylation of STAT3, we investigated the 
possible interaction of pristimerin with upstream 

kinases responsible of STAT3 phosphorylation at 
Tyr705. For that, we picked JAK1, JAK2 for further 
investigation using molecular docking as they are 
responsible for the phosphorylation of STAT3 at 
Tyr705, and due to their authenticated role in CRC 
development.

Molecular Docking
	 The docking results for the selected 
compounds with JAK2 are summarized in Table 
1. FLARE, using the Lead Finder approach for 
docking and scoring43, evaluates each compound 
using three scores: the rank score, which predicts 
the accuracy of the 3D pose; the dG score, which 
estimates the binding affinity of the ligand to the 
protein; and the VS score, which differentiates 
between true and false binders44.

dependent inhibition of HCT-116 cell viability. 
Following 48 h of treatment, the IC50% value was 

1.22±0.25 µM (Fig. 1(b)), which indicates pristimerin 
has potent cytotoxic effects against CRC cells.
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Table 1: Docking score and estimated free binding energy of selected compounds with targets

Docking score of selected compounds with JAK1 and JAK2
	 JAK1	 Rank score	 dG score	 VS score

	Pristimerin	 -5.873	 -7.522	 -8.088
	Baricitinib	 -8.901	 -8.895	 -11.702
	 JAK2
	Pristimerin	 -9.063	 -10.021	 -10.616
	Fedratinib	 -9.331	 -11.105	 -12.027

	Estimated free binding energy using molecular mechanics/Poisson–Boltzmann surface area approach
		  ΔVDWAALS	 ΔEEL	 ΔENPOLAR	 ΔEPB	 ΔTOTAL

	Pristimerin	 -46.23	 -26.96	 4.71	 57.42	 -20.47
	Fedratinib	 -62.07	 -18.18	 -6.21	 84.06	 -2.40

ΔVDWAALS = Delta van der waals forces, ΔEEL= Delta electrostatic energy, Delta non polar solvation energy, ΔEPB= 
Delta polar solvation energy.

	 Compared to baricitinib, a pan-JAK 
inhibitor, pristimerin exhibited a low binding affinity 
to JAK1, with an unfavorable pose and a suboptimal 
total virtual screening score. These results indicate 
that pristimerin is not a JAK1 inhibitor. In contrast, 
docking studies for both pristimerin and fedratinib 
with JAK2 showed considerable rank, dG, and 
VS scores for both compounds, with fedratinib 
showing superior scores relative to pristimerin. It 
is noteworthy that fedratinib is an FDA-approved 
selective JAK2 inhibitor. The comparable docking 

score of pristimerin to fedratinib with JAK2 prompted 
us to focus on the interaction of pristimerin with 
JAK2. Fedratinib interacts with JAK2 through three 
strong hydrogen bonds with Leu855 and Leu932,  
along with multiple hydrophobic interactions with 
Val863, Leu855, Ala880, Val911, Met929, and  
Leu983 (Fig. 2(b)). In contrast, pristimerin forms 
a strong hydrogen bond with Phe860 and a weak 
hydrogen bond with Gly861, in addition to multiple 
hydrophobic interactions with Val863 and Asp994 
(Figure 2(a)).

Fig. 2. Attained pose andinteraction map for (a)Pristimerin, (b) Fedratinib with JAK2 following molecular docking using 
flare software
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Molecular Dynamics (MD) Simulation Analysis
	 To assess the stability of the pristimerin-
JAK2 complex and examine the accuracy of the 
docking-predicted pose, we employed Molecular 
Dynamics (MD) simulations. The stability of 
the complex indicated that the interaction is 
feasible at the biological level45. The Root Mean 
Square Deviation (RMSD) of the ligand-protein 
complex was used to evaluate the stability of 
the system during the simulation. A smaller 
RMSD deviation after the conformational change, 
when the ligand binds to the receptor, reflects 
a higher stability of the complex. Additionally, 
we monitored the Cα RMSD throughout the MD 
simulation to determine whether the receptor 
reached a stable state while maintaining the 
ligand-protein interaction. The Root Mean Square 
Fluctuation (RMSF) per residue was used to assess 
the flexibility of protein regions in response to  
ligand binding.

	 Furthermore, we employed the Radius 
of Gyration (Rg) to evaluate the compactness 
of  the complex and prote in fo ld ing upon 
ligand binding. A lower Rg value with minimal 
fluctuation indicates proper protein folding 
and stable conformation, whereas a higher 
Rg value suggests misfolding and instability46. 
Finally, we used the Solvent Accessible Surface 
Area (SASA) to est imate the area of  the 
complex exposed to the solvent. A higher SASA 
might affect ligand-protein interactions due to 
increased exposure to the aqueous environment, 
potentially impacting the folding of hydrophobic 
regions of the protein47.

RMSD, RMSF, Rg, and SASA Analysis
	 Analysis of the RMSD for the pristimerin-
JAK2 complex showed that the RMSD remained 
stable at 2 Å throughout the simulation, while the 
RMSD of the fedratinib-JAK2 complex fluctuated 
up to 10 Å, stabilizing at 6 Å. The low RMSD of 
the pristimerin-JAK2 complex suggests a higher 
level of stability compared to fedratinib (Fig. 3(a)). 
Cα RMSD analysis revealed similar RMSD values 
upon the binding of pristimerin or fedratinib, 
suggesting that both drugs stabilize the JAK2 
protein (Figure 3(b)).
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	 RMSF analysis indicated that, although 
the RMSF values for both compounds were 
similar, fedratinib showed greater fluctuation, 
particularly at the active site residues Phe860-
Val863 and Leu983, which suggests less flexibility 
at the active site upon pristimerin binding  

Fig. 3. Changes in (a) RMSD of Pristimerin and the 
reference JAK2 inhibitor, Fedratinib, complexed with 

JAK2 protein, (b) RMSD of JAK2 Cα following the binding 
of the during 100ns of MD simulation (c) RMSF plot per 

residue for Pristimerin and fedratinib, where (d) represent 
hydrogen bond formation for pristimerin-JAK2, and (e) 

represent hydrogen bond formation for Fedratinib-JAK2 
during 100ns of molecular dynamic simulation

(Fig. 3(c)). Rg analysis of the JAK2 complexes 
with fedratinib and pristimerin showed similar 
levels of compactness, with the Rg fluctuating 
between 2.0-2.1 nm (Fig. 3(e)), and no significant 
difference in SASA was observed, indicating 
comparable exposure of both complexes to  
the solvent.

MD Interaction Analysis
	 Interaction analysis of the fedratinib-JAK2 
complex from the MD trajectory revealed only 
hydrophobic contacts with Leu855 and Leu884 
(Fig. 5(b)). In contrast, pristimerin interacts with 
JAK2 through a strong hydrogen bond with Arg938 
and three weaker hydrogen bonds with Arg938, 
Asn859, Gly861, and Phe860. Additionally, multiple 
hydrophobic interactions were observed with Val863 
(Fig. 5(a)). A comparison of the docking and MD 
simulation results demonstrated that the pristimerin-
JAK2 interaction remained stable throughout the 
simulation, with most of the interactions being 
conserved. Moreover, the hydrogen bond formed 
by pristimerin showed greater stability during  
the simulation compared to fedratinib (Figure 3(f)  
and (g)).
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(a) (b)

Fig. 4. Principal component demonstrating the proportion 
of variance for the first 20 Pcs and analysis of Cα collective 

motion using the first three PCs which highlighted the 
clustering of the conformation during the last 50 ns of the 

simulation for (a) Pristimerin and (b) fedratinib

MMPBSA and Decomposition Analysis
	 The calculated free binding energies for 
each complex are provided in Table 1. The estimated 
binding energies indicate that pristimerin exhibits 
a higher binding affinity for JAK2 compared to 
fedratinib, as its binding energy is the lowest. This 
difference can be attributed to the higher contribution 
of electrostatic interactions to the total binding 
energy of pristimerin, which is reflected in the greater 
number of hydrogen bonds formed by pristimerin 
compared to fedratinib.

	 Decomposition analysis revealed that 
Leu855, Val863, and Arg980 contribute most 
significantly to the binding energy of fedratinib, 
while Phe860, Val863, and Leu884 are the key 
residues contributing to the binding energy of 
pristimerin. Notably, the interaction with Asp994 
negatively impacted the binding affinity of both 
compounds.
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Principal Component Analysis (PCA) and Free 
Energy Landscape (FEL)
	 To assess the collective motion of the 
JAK2 inhibitor complexes during the last 50 
ns of the simulation, we performed Principal 
Component Analysis (PCA). The covariance matrix 
was constructed using the first three principal 
components (PC1, PC2, and PC3), which explained 
40.64% of the total variance in the pristimerin-
JAK2 complex and 40.75% of the variance in the 
fedratinib-JAK2 complex, as shown by the scree plot  
(Fig. 6). The trace values of the covariance matrix 
for apo JAK2, pristimerin-JAK2, and fedratinib-JAK2 
complexes were 3.09167, 2.81147, and 2.6854 
nm², respectively. A slight reduction in trace values 
suggests a decrease in collective motion and flexibility 
in the complexes compared to the apo protein.

	 The change in collective motion was 
visualized using a 2D projection of PC1, PC2, and PC3 
(Fig. 4). Both pristimerin and fedratinib binding reduced 
the distance between conformations, indicating that 
JAK2 reached a stable conformation. However, the 
proportion of variance in PC1 for the pristimerin-
JAK2 complex (19.88%) was lower than that for the 
fedratinib-JAK2 complex (23.62%), suggesting that 
the pristimerin-JAK2 complex is more stable.

	 We also evaluated the convergence of 
the simulations by calculating the cosine content 
for the eigenvectors of the complexes. The cosine 
values for PC1 and PC2 were 0.031 and 0.022 for 
the pristimerin-JAK2 and fedratinib-JAK2 complexes, 
respectively, indicating good convergence of the 
simulations during the last 50 ns, thus supporting 
the suitability of the data for constructing the free 
energy landscape48.

	 Finally, the Free Energy Landscape (FEL) 
was plotted by correlating the RMSD of the ligand fit 
to the protein with the radius of gyration to examine 
and compare the energy minima wells of the JAK2 
complexed with pristimerin or fedratinib. While the 
FEL of the fedratinib-JAK2 complex (Fig. 5(b)) 
exhibited a more compact energy minima well with 
a lower free energy for the metastable conformation, 
a significant number of the conformations did not 
reach a metastable state. In contrast, most of the 
pristimerin-JAK2 complex conformations remained 
within the same energy well, suggesting that the 
metastable state is easier to attain with pristimerin 
binding. However, when the fedratinib-JAK2 complex 
reaches the metastable state, it demonstrates 
greater stability compared to the pristimerin-JAK2 
complex.

Fig. 5. Gibbs free energy landscape demonstrated the metastable structure when the tested compounds bound  
to JAK2 during the last 50 ns of the simulation
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DISCUSSION

	 Pristimerin has gained more attention 
because it has promising clinical options for 
chemoprevention and treatment of various types 
of cancer19,20,49. The current study was conducted 
to further explore the anticancer mechanisms of 
pristimerin on CRC via investigating its activity on the 
STAT3 signaling pathway. STAT3 plays a significant 
role in CRC initiation, development, and propagation, 
and it is considered a cornerstone in CRC hallmarks9. 
Thus, targeting STAT3 signaling pathway is a 
proposed mechanism for chemoprevention and 
treatment of CRC24. 

	 Several structurally related triterpenoids to 
pristimerin, such as ursolic acid, betulinic acid, and 
celastrol, were reported to inhibit carcinogenesis 
of different kinds of cancer partially through 
suppression of STAT350-52. More in-depth, all of 
these natural compounds demonstrated an inhibitory 
action on JAK1 or JAK2 or both53-55. Moreover, 
previous reports proved that pristimerin inhibited 
the upstream kinases such as P38 or ERK1/2 that 
contribute to phosphorylation of serine residues in 
different proteins, including STAT356-59. Meanwhile, 
our in vitro results showed the capability of 
pristimerin to interfere with STAT3 phosphorylation 
with dose escalation. These suppressive effects of 
pristimerin on STAT3 are mediated by inhibition of 
STAT3-dependent gene expression, including Cyclin 
D1, Bcl-2, and Bcl-xl56,60, and might also contribute 
to synergizing the anticancer activity and reducing 
chemoresistance of docetaxel in CRC cells61. 
However, these findings do not explain the reduction 
in the phosphorylated STAT3. Fur thermore, 
pristimerin-induced suppression of STAT3 activation 
was also reported in prostate cancer cells62.

	 The mammalianJAK family comprises four 
enzymes, namely JAK1, JAK2, JAK3, and TYK2, 
where JAK1 and JAK2 mediate many functions, such 
as hematopoiesis, growth, and neural development, 
while JAK3 and TYK2 function confined to the 
regulation of the immune response63. Thismakes 
JAK1/2 an interesting target for cancer treatment, and 
much effort has been made to identify an effective 
JAK inhibitor. In this study, we further investigated the 
molecular mechanism behind the inhibitory action of 
pristimerin on STAT3 phosphorylation at Tyr705 and, 
eventually, on the activation of STAT3, which was 

observed in different CRC cells. For that, we used 
molecular docking and MD simulation to examine 
the ability of pristimerin to suppress JAK1 and JAK2 
kinases in relation to their biological function and 
implication in cancer development. The Current data 
suggested that pristimerin might act as a selective 
JAK2 inhibitor, as the docking scores with JAK1 
indicated that pristimerin did not attain the proper pose 
and affinity to act as an inhibitor for the enzyme, as 
mentioned earlier.

	 MD simulation data showed that pristimerin-
JAK2 complex demonstrated higher stability as 
indicated by RMSD data, and in addition to that, the 
estimated free binding energy of pristimerin indicated 
that pristimerin has a higher affinity to JAK2 compared 
to fedratinib as a result of the higher rate of hydrogen 
bond formation. Furthermore, analysis of the Cα 
fluctuation during the last 50 ns of the simulation using 
principal component analysis demonstrated the ability 
of pristimerin to reduce the collective motion of the 
JAK2 kinase domain and forced the protein to attain 
conformations with a lower energy, which indicated 
the stability of the complex.  

	 The above facts indicate that pristimerin 
can act as a selective JAK2 inhibitor, which might 
explain the reduced level of phosphorylated STAT3 
in HCT-116 cells that were treated with pristimerin. 
Therefore, pristimerin as a lead compound might 
prevail over the successor’s selective JAK2 
inhibitor as an anti-cancer for solid tumors, adding 
to that the ability of pristimerin to target multiple 
pathways involved in carcinogenesis, including 
MAPK64, PI3K/AKT/mTOR65, Wnt/β-Catenin66, 
and NF-κB pathway20. This reflects its diverse 
antitumor effects, including apoptosis induction, 
autophagy induction, inhibition of metastasis and 
angiogenesis, and synergistic effect with other 
chemotherapeutic agents19,49. Also, the current data 
might encourage the assessment of pristimerin as 
a possible chemotherapeutic against hematological 
malignancies, in particular, Myelogenous neoplasm, 
as indicated for JAK2 inhibitors.

CONCLUSION

	 Our in silico and in vitro results suggested 
that pristimerin displays its anticancer effect on 
colorectal cancer through inhibition of STAT3 
activation in HCT-116 cells. STAT3 signaling 



1953YOUSEF et al., Orient. J. Chem., Vol. 41(6), 1942-1955 (2025)

pathway represents an important molecular target 
for pristimerin anticancer activities.
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